Within solid tumor microenvironments, lactic acidosis, and hypoxia each have powerful effects on cancer pathophysiology. However, the influence that these processes exert on each other is unknown. Here, we report that a significant portion of the transcriptional response to hypoxia elicited in cancer cells is abolished by simultaneous exposure to lactic acidosis. In particular, lactic acidosis abolished stabilization of HIF-1a protein which occurs normally under hypoxic conditions. In contrast, lactic acidosis strongly synergized with hypoxia to activate the unfolded protein response (UPR) and an inflammatory response, displaying a strong similarity to ATF4-driven amino acid deprivation responses (AAR). In certain breast tumors and breast tumor cells examined, an integrative analysis of gene expression and array CGH data revealed DNA copy number alterations at the ATF4 locus, an important activator of the UPR/AAR pathway. In this setting, varying ATF4 levels influenced the survival of cells after exposure to hypoxia and lactic acidosis. Our findings reveal that the condition of lactic acidosis present in solid tumors inhibits canonical hypoxia responses and activates UPR and inflammation responses. Furthermore, these data suggest that ATF4 status may be a critical determinant of the ability of cancer cells to adapt to oxygen and acidity fluctuations in the tumor microenvironment, perhaps linking short-term transcriptional responses to long-term selection for copy number alterations in cancer cells. Cancer Res; 72(2); 491-502. Ó2011 AACR.
Introduction
Lactic acidosis and hypoxia are 2 prominent microenvironmental stresses in solid tumors. Hypoxia is usually caused by an imbalance between the supply and demand of oxygen due to vascular insufficiency or increased oxygen consumption by rapidly proliferating tumors. As oxygen becomes limiting, cells adapt by upregulation of the HIF-1a protein and activation of the hypoxia response, which shifts the energy source to glycolysis, leading to higher levels of lactic acid (lactic acidosis) with medium tumor lactate from 7 to 10 mmol/L/g and up to 25.9 mmol/L/g (1) (2) (3) . Because the presence of hypoxia and lactic acidosis are mechanistically and topologically linked, many tumor cells are concurrently exposed to lactic acidosis and hypoxia (4, 5) . Although our understanding of hypoxia and lactic acidosis as individual stress has advanced significantly in recent years, the interaction between these 2 stresses is not well defined.
Oxygen is essential for aerobic metabolism in all mammalian cells. When oxygen is limited, cells adapt through a wellcoordinated gene expression program termed the "hypoxia response" (5) . The hypoxia response program plays an important role in tumor initiation, progression, invasion, and in many steps of the oncogenic process (5) . The hypoxia response is triggered by a family of transcription factors called hypoxiainducible factors (HIF), which are heterodimeric protein complexes consisting of a constitutively expressed subunit, HIF-1b or ARNT, and an oxygen-sensitive inducible subunit, HIF-1a or HIF-2a (5) . Although most regulation occurs at proteosomedegradation level, several other reports have also indicated that HIF-1a can be regulated at the levels of translation initiation and mRNA abundance (6) (7) (8) .
Although lactic acidosis has been recognized as an important feature of the tumor microenvironment (9) , relatively little is known about its influences on cancer cells. Many studies of acidosis have focused on the ability of acidosis to select tumor cells with altered phenotypes and metabolism (9) (10) (11) . By using microarray gene expression analysis to interrogate the link between in vitro perturbations and in vivo human tumors, we have found that lactic acidosis inhibits tumor glycolysis through the inhibition of glycolysis gene expression, Akt pathways (12) and induction of TXNIP (13) . In addition, we have also shown that the hypoxia and lactic acidosis gene signatures can be associated with DNA copy number alterations (CNA) and various oncogenic events in human cancers (14, 15) .
Given the mechanistic link between hypoxia and lactic acidosis, it is not surprising that many studies have pointed to the extensive cross-talk between these 2 stresses. However, the nature of their interaction is not fully understood. For example, some of the hypoxia-inducible genes, including VEGF and IL8, can be also induced by acidosis (16) (17) (18) , consistent with the relocalization of the VHL protein into nucleoli and thus stabilization of the HIF-1a protein (19) . These studies suggest that the acidosis and hypoxia gene expression responses share certain features. On the other hand, other reports point out that several hypoxia-induced genes are repressed in the presence of acidosis (20, 21) . This paradox has also been pointed out in a recent article (11) , but the mechanisms for the distinct hypoxia response to lactic acidosis are unknown.
In this study, we used gene expression analysis by microarrays to examine how lactic acidosis and hypoxia interact in terms of their influence on gene expression. We found that coexisting lactic acidosis has a dramatic inhibitory effect on the expression of a subset of hypoxia response genes due to the translational inhibition of HIF-1a. On the other hand, combined lactic acidosis and hypoxia synergistically trigger gene expression of both the unfolded protein response (UPR) and the inflammatory responses. We utilize an integrative genomic analysis to identify an amplification of the ATF4 locus in certain breast tumors and cell lines. ATF4 amplification promotes increased cell survival under hypoxia and lactic acidosis and may provide a mechanistic link between the short-term transcriptional response and long-term selection by microenvironmental stresses.
Materials and Methods
Cell culture MCF7 and SUM52PE breast cancer cells were cultured in Dulbecco's modified Eagle's medium (DMEM; GIBCO-11995) supplemented with 10% fetal bovine serum and 1 Â antibiotics (penicillin, 10,000 UI/mL and streptomycin, 10,000 UI/mL). HT1080 stable ATF4 knockdown fibrosarcoma cells (shATF4) and the control cells (shNT) were cultured as previously reported with 0.5 mg/mL puromycin and supplemented with NEAA and 55 mmol/L b-ME (22) . Lactic acidosis condition was created with the addition of 10 mmol/L lactic acid (Sigma) to the respective media and adjusted to the desired pH 6.7 with a final concentration of 25 mmol/L HEPES buffer (GIBCO) and 1 N HCL. All the cells were maintained in a humidified incubator at 37 C and 5% CO 2 . Hypoxic conditions were generated by lowering the oxygen level to 1% oxygen in hypoxia chamber (HERA cell 150, Heraeus).
RNA isolation and microarray analysis
RNA from MCF7 cells exposed to the control, lactic acidosis, hypoxia or the combined hypoxia, and lactic acidosis conditions for 24 hours were extracted by miRVana kits (Ambion) and hybridized to Affymetrix Human genome 133A 2.0 arrays with standard protocol. CEL files (GEO; GSE29406) were normalized by RMA, filtered by indicated criteria, hierarchically clustered with cluster 3.0, and displayed with Treeview.
Statistical analyses
The effects of each stress on gene expression were normalized to the control by subtracting the average expression level of the control samples. Those probe sets that varied from the baseline by at least 2-fold in at least 2 samples were selected for hierarchically clustering. Data were analyzed using Significant Analysis of Microarray (SAM; ref. 23 ) and GSEA (24) as described using indicated selection criteria. The 99 probesets coclustered with ATF4 in breast cancer cell lines were identified by examining the gene expression of the 50 breast cancer cell lines (25) . The chromosomal and GO enrichment was carried out using Gather (26) . Association between ATF4 gene expression (Affymetrix U133 probe id 200779_at) and copy number variation was computed independently for each clone using Pearson correlation on those samples which both gene expression and CGH data (27, 28) . The CGH clone that is plotted in Fig. 4C and D is the one that was closest to the ATF4 start site at position 38,248,081 on chromosome 22.
Real-time RT-PCR
RNA was reverse-transcribed to cDNA with the Super-Script II reverse transcription kit using random hexamers as the substrate for gene expression level measured by quantitative PCR (qPCR) with Power SYBR Green PCR Mix (Applied Biosystems) following the manufacturer's protocol. All primers used in this study are listed in Supplementary  Table S1 .
Western blot analysis and VEGFA ELISA
Cells under the indicated conditions were washed with cold PBS and lysed with NP40 buffer (50 mmol/L Tris pH 8.0, 150 mmol/L NaCl, 1% NP-40) supplemented with protease inhibitor and phosphatase inhibitor cocktail (Roche) for the extraction of total protein. The concentrations were determined with Bradford assay. Equal amounts of protein were loaded for the immunoblot analyses. Primary antibodies of HIF-1a (Novus), EGLN3 (Novus), S6K1 (whole and pho-T398, cell signaling), eIF2a (pho-Ser51, cell signaling), anti-ATF4 (Santa Cruz), and b-tubulin (Sigma) were applied following the manufacturers' protocols. The signal was detected by the ECL plus Western blotting detection system (Amersham). VEGFA concentration in culturing media was quantitated by human VEGF ELISA kit (RayBiotech, Inc.).
Plasmids, RNAi transfection, and retroviral infection
Cells were plated in 6-well plates allowing the cells to reach 60% to 70% confluence, 1 mg plasmid or 50 nmol/L siRNAs were transfected by using lipofectamine 2000. After 2 days, cells were subjected to RNA, protein analysis or stress treatments. Retroviral particles were generated using the Amphotropic Phoenix packaging cell system transfected with pSM2-shATF4 and the control pSM2 plasmid. Cells were infected with retroviral supernatants twice with 4 mg/mL polybrene (Sigma). Cells were selected with 1 mg/mL puromycin for 7 days supplemented with NEAA and 55 mmol/L b-ME and maintained in 0.5 mg/mL puromycin afterward.
FACS cell cycle and apoptosis analysis
Cells treated with the indicated stresses were trypsinized and collected, fixed in ice cold 70% ethanol overnight. Cells were washed twice with PBS buffer and resuspended in PBS containing 50 mg/mL propidium iodide (PI) and, 10 mg/mL RNase A. Flow cytometry was carried out using BD FACSCanto II flow cytometer. At least 10,000 cells were analyzed per sample. Statistical analyses of flow cytometry data were carried out by unpaired Student t test.
Colony formation assays
A total of 10 4 cells were seeded in 6-well plates for 2 days prior to the stress treatment. The cells were treated with the indicated stress for 2 days, and the medium was thereafter replaced with regular culture DMEM and maintained under normoxia for additional 12 days with fresh medium replacement every 4 days. The number of colonies formed per plate was determined quantitatively following staining with crystal violet.
Results

The genomic analysis of the interaction between lactic acidosis and hypoxia
To systematically analyze the cross-talk between the responses to lactic acidosis and hypoxia, we exposed MCF7 cells to either control condition (ambient air $21% O 2 , no lactate and neutral pH), lactic acidosis (ambient air, 10 mmol/L Lactate and pH 6.7), hypoxia (1% pO 2 , no lactate and neutral pH) or combined lactic acidosis, and hypoxia conditions (1% pO 2 , 10 mmol/L Lactate and pH 6.7) for 24 hours. The level of lactate (10 mmol/L) was in line with the median lactate levels reported in solid tumors (2, 3) . The gene expression pattern of these RNA samples were interrogated with Affymetrix U133A genechips and normalized by RMA (Robust Multi-Array) algorithm.
The influence of hypoxia, lactic acidosis, and combined hypoxia and lactic acidosis on gene expression was derived by a zero transformation process in which we compared transcript levels for each gene in cells cultured under each of the 3 stress conditions to the average transcript levels in control samples. Based on the filtering criteria of 2-fold changes in more than 2 arrays, 1,956 probesets were selected and arranged by hierarchical clustering (Fig. 1A ). Such analysis indicated that lactic acidosis, hypoxia and combined hypoxia and lactic acidosis, each elicited a distinct cellular response.
The most prominent feature for the transcriptional responses to combined hypoxia and lactic acidosis was the abolishment of most of the hypoxia response with the addition of lactic acidosis ( Fig. 1A and B ). Both the induction and repression of respective large clusters of hypoxia-induced genes were abolished with the simultaneous presence of lactic acidosis ( Fig. 1A and B ). For example, hypoxia activates the glycolytic pathway and stimulates glucose influx and consumption by induction of the glycolytic genes. It is evident that the glycolytic genes were dramatically repressed with the addition of lactic acid under hypoxia conditions (Supplementary Fig. S1A and S1B).
To further examine the hypoxia-induced genes in detail, we used SAM (23) to compare between the control and hypoxia samples to identify 717 probe sets as hypoxia-affected genes with 0% false discovery rate (FDR; Supplementary Fig. S2A ). Among the 448 induced probe sets (hypoxia-induced genes), there were many well-known hypoxia-inducible genes, including CA9, PGK1, ELGN3, GLUT-1. During combined hypoxia and lactic acidosis, the induction of the majority of the hypoxiainduced genes was abolished under lactic acidosis, and were thus classified as lactic acidosis-sensitive hypoxia genes (e.g., CA9, PGK1, ELGN3, BNIP3, STC1, and GLUT-1; Fig. 1B , Supplementary Fig. S2 ). This distinct sensitivity to lactic acidosis for several hypoxia-inducible genes has also been observed in several previous studies (11, 20, 21) . Intriguingly, a smaller subset of hypoxia-inducible genes still maintained their high expression levels under lactic acidosis. These genes, termed lactic acidosis-resistant hypoxia genes include VEGFA, HIG2, and CYR61 ( Fig. 1B, Supplementary Fig. S2 ). Among all the hypoxia response genes, LA-resistant component was highly enriched in the DNA-binding factors and epithelial cell differentiation using GOrilla (29; Supplementary Table S2 ).
We used real-time PCR to verify the ability of lactic acidosis to affect hypoxia-inducible genes based on the microarray analysis of MCF-7 cells. Among the lactic acidosis-sensitive hypoxia genes, we found that expression levels of CA9, PGK1, and STC1 were indeed strongly induced by hypoxia, but significantly repressed by coexisting lactic acidosis (10 mmol/L lactate and pH 6.7; Fig. 1C ). Among the lactic acidosis-resistant hypoxia genes, we verified the induction of VEGFA, HIG2, and CYR61 under hypoxia and the maintenance of persistent high levels even in the copresence of lactic acidosis (Fig. 1D) . These results were also reproducible in MDA231 and HT1080 cells ( Supplementary Fig. S2B and S2C) suggesting that the observation is generalizable to multiple cell types. Our global analysis of the transcriptional response has revealed that such distinctions of lactic acid sensitivity versus resistance can be extended to a large number of hypoxia-inducible genes. Taken together, these results show that lactic acidosis had a profound and dramatic influence on the hypoxia response by abolishing most of hypoxia-inducible gene expression.
During long-term exposure to hypoxia alone, we noted significant accumulation of lactic acid in the culture media ( Supplementary Fig. S1C and S1D). Lactate concentration was increased to 35 mmol/L in long-term hypoxia, while only 15 mmol/L in normoxia condition. Extracellur pH dropped to approximately 6.8. Similar to combined hypoxia and lactic acidosis, CA9 gene induction was attenuated during long-term hypoxia, while VEGFA induction was not affected (Supplementary Fig. S1E ). These data suggest that combined hypoxia and lactic acidosis mimics long-term hypoxia.
Lactic acidosis represses the hypoxia response by the inhibition of HIF-1a synthesis
Tumor hypoxia switches the balance of cellular energy production by enhancing glycolysis-dependent lactate generation. Intratumoral lactate concentration can reach 25 mmol/L in some extreme cases. A decrease in intracellular and extracellular pH is a by-product of this process. We therefore examined how different lactate levels affect the hypoxia response in the context of acidosis (pH 6.7). We found that higher levels of lactate had more pronounced inhibitory effects on the expression of the hypoxia genes CA9 and EGLN3 in the context of acidic conditions ( Fig. 2A ). Lactate alone had little effect on hypoxic genes induction (data not shown). Consistent with the attenuated gene induction by hypoxia under combined hypoxia and lactic acidosis, we observed that lactic acidosis repressed accumulation of HIF-1a protein and its target gene EGLN3 under hypoxia ( Fig. 2B ). Consistent with sustained VEGFA mRNA induction in combined hypoxia and lactic acidosis, VEGFA secretion was increased similar to hypoxia condition (Fig. 2C ). The reduction of HIF-1a protein correlated with increased lactate level under acidic conditions. Although the hypoxia response mostly relies on HIF-1a in MCF7 cells, we also observed instability of the HIF-2a protein under combined hypoxia and lactic acidosis conditions. These data suggest that lactic acidosis represses the hypoxic gene response by abolishing HIF-1a protein accumulation under hypoxia.
Under normoxia, HIF-1a protein is rapidly ubiquitylated and targeted for proteasomal degradation mediated by a pVHL-containing E3 ubiquitin ligase complex. Under hypoxic conditions, HIF-1a protein is poorly hydroxylated because the activity of prolyl hydroxylase is inhibited and is therefore resistant to VHL-directed degradation and becomes stabilized. A, the gene expression profiles of MCF7 in response to lactic acidosis (10 mmol/L Lactic acid, pH 6.7), hypoxia (1% O2), and the combined condition (10 mmol/L Lactic acid, pH 6.7 in 1% O 2 ) at 24 hours. A total of 1,956 probe sets were selected to have at least 2-fold change in more than 2 arrays, and arranged by hierarchical clustering as shown. B, the gene clusters of hypoxia-induced genes which were sensitive (blue vertical bar) and resistant (red vertical bar) to the inhibitory effects of lactic acidosis were shown with selected gene names. C, the levels of indicated lactic acidosis sensitive hypoxia genes (CA9, PGK1, STC1) in response to individual treatment were measured using qRT-PCR (n ¼ 3). D, the levels of indicated lactic acidosis-resistant hypoxia genes (VEGFA, HIG2, Cyr61) in response to individual treatment at 24 hours were measured using qRT-PCR (n ¼ 3). Error bars are mean AE SD, significant P values are indicated as ( Ã , P < 0.001; ÃÃ , P < 0.01).
(PHD; ref. 30) , to stabilize HIF-1a protein under normoxia. As expected, DMOG induced the hypoxia genes CA9 and EGLN3 and led to HIF-1a protein accumulation under normoxia ( Fig.  2D and E). However, lactic acidosis repressed the induction of the hypoxia genes CA9 and EGLN3 even in the presence of DMOG ( Fig. 2D ). Consistent with that result, the HIF-1a protein was unable to accumulate in the DMOG cotreated with lactic acidosis condition ( Fig. 2E ). Moreover, MG132, a proteasome inhibitor that stabilizes HIF-1a protein in cells by blocking its proteosomal degradation (31) , was also unable to reverse the HIF-1a inhibition by lactic acidosis, either in normoxic or hypoxic conditions (Fig. 2F ). As previously reported, lactic acidosis triggers the activation of AMPK and the inhibition of mTOR (13) , which control protein synthesis. Therefore, we examined the phosphorylation status of p70S6K1 protein to monitor the mTOR activity. Lactic acidosis exerted greater inhibition on p70S6K1 protein phosphorylation when combined with either hypoxia or DMOG treatment, in comparison with either hypoxia or DMOG treatment alone ( Fig. 2B and E and Supplementary Fig. S3A and S3B ). Hypoxia mostly inhibits the mRNA level of HIF-1a ( Supplementary Fig.  S3C ). It reflects that HIF-1a is generally under posttranscription regulation. We also examined polysome profiles for HIF-1a and ATF4 under hypoxic or combined hypoxia with lactic acidosis condition. Cytoplasmic extracts from these MCF7 cells were sedimented through sucrose gradients. The distribution of the HIF-1a, ATF4 mRNAs within each fraction was determined by reverse transcriptase PCR (RT-PCR; Supplementary Fig. S3D and S3F ). With lactic acid, HIF1a mRNA shifted to low polysome fractions ( Supplementary Fig. S3E ), 3) . B, immunoblot detection of HIF-1a and EGLN3 protein expressions, and S6K phosphorylation at Thr-398 in MCF7 cells treated as (A). C, the concentration of VEGFA in media was detected by ELISA assay at indicated days and treatments (10 mmol/L lactic acid pH 6.7, n ¼ 3). D, the mRNA levels of CA9 and EGLN3 in MCF7 treated with control, DMOG or DMOG plus lactic acidosis (10 mmol/L Lactic acid pH 6.7) in normoxia condition (n ¼ 3). E, immunoblot detection of HIF-1a and EGLN3 protein expressions, and S6K phosphorylation at Thr-398 in MCF7 cells treated as (C). F, the HIF-1a protein expression level was determined in MCF7 cells treated with lactic acidosis (10 mmol/L Lactic acid, pH 6.7) in either normoxia or hypoxia condition for 18 hours, then further treated with the protease inhibitor MG132 (10 mmol/L) for additional 4 hours. Error bars are mean AE SD, significant P values are indicated as ( Ã , P < 0.001; ÃÃ , P < 0.0001; ÃÃÃ , P < 0.001).
whereas ATF4 mRNA increased to high polysome fractions ( Supplementary Fig. S3F ). Taken together, these data suggested that lactic acidosis represses the hypoxia response, not through the promotion of HIF-1a degradation, but rather, through the synthesis of HIF-1a.
Lactic acidosis synergizes with hypoxia to activate the UPR and the inflammation response Combined hypoxia and lactic acidosis treatments caused dramatic gene expression changes with many genes either induced or repressed (Fig. 1A) . We used SAM to systematically identify genes that were affected by combined lactic acidosis and hypoxia. We identified 499 probesets with 0% FDR (Supplementary Fig. S2A ), with 205 induced and 294 repressed probesets (Fig. 3A) . Gather (26) was used to analyze the shared features of these genes to identify 3 prominent features. As indicated above, the first group of genes represented lactic acidosis-resistant hypoxia genes including VEGFA, HIG2, and CYP61. The second group of genes is enriched in MAPK signaling pathway and toll-like receptor signaling pathway (KEGG). Among those, there were several inflammatory response genes, including TNFa, TNFAIP3, and GADD45B (Fig. 3A ). The induction of these genes under combined hypoxia and lactic acidosis was further verified using real-time PCR (Fig. 3B ). The induction of these genes is known to be mediated by the NF-kB pathway. Interestingly, the regulators of NF-kB, such as BCL3, ZFP36, and NFKBIA, were also induced by these conditions. These data suggest that combined hypoxia and lactic acidosis conditions leads to the activation of the NF-kB pathway.
Interestingly, the third group of genes induced by combined lactic acidosis and hypoxia is linked to the UPR pathway or ER stress pathway, as represented by CHOP, XBP-1, and ATF3 genes (Fig. 3A) . We verified the dramatic induction of ATF3, Figure 3 . The transcriptional response triggered by combined hypoxia and lactic acidosis. A, genes synergistically induced by combined hypoxia and lactic acidosis with the names of selected genes shown. B and C, the mRNA levels of the inflammation response genes TNF, TNFAIP3, and GADD45B (B) and UPS genes CHOP, XBP1s, and ATF3 (C) in MCF7 cells treated with 10 mmol/L lactic acid (pH 6.7) either in normoxia or in hypoxia condition for 24 hours. Error bars are mean AE SD, significant P values are indicated as ( Ã , P < 0.001, n ¼ 3; ÃÃ , P < 0.001, n ¼ 3). D, immunoblot detection of HIF-1a and ATF4 protein expressions, and eIF2a phosphorylation at Ser-51 in MCF7 treated 10 mmol/L lactic acid (pH 6.7) either in normoxia or in hypoxia condition for 24 or 48 hours. E, a comparison of gene expression profiles induced by combined hypoxia and lactic acidosis in MCF7 and induced by amino acid deprivation in HepG2. F, GSEA reveals a significant enrichment of genes induced by combined hypoxia and lactic acidosis among the genes induced by histidine deprivation in HepG2. CHOP, and XBP-1 splicing form (XBP-1s) mRNA under combined hypoxia and lactic acidosis conditions (Fig. 3C ) by realtime PCR. Importantly, UPR pathway is also activated in longterm hypoxia alone as indicated by XBP1s induction (Supplementary Fig. S1E ). The UPR shares features with the amino acid response (AAR) pathway, as both stresses lead to phosphorylation of the eukaryotic translation initiation factor 2a (eIF2a) on serine 51. The phosphorylated eIF2a suppresses general protein synthesis but promotes the translation of select mRNA species with unique features in their 5 0 untranslated regions, including ATF4 (32) . Under the combined lactic acidosis and hypoxia conditions, we found that eIF2a protein was highly phosphorylated on the Ser51 residue followed by increased ATF4 protein accumulation (Fig. 3D ). Hypoxia (1% O 2 ) alone induced a more modest eIF2a phosphorylation. Consistent with that, ATF4 protein remained at moderate-low levels and the UPR genes were weakly induced by hypoxia alone. We also found that combined lactic acidosis and hypoxia induced UPR genes in HT1080 and MDA231 cells (Supplementary Fig. S2B and S2C) .
To further compare the gene expression changes under the combined lactic acidosis and hypoxia to the AAR, we compared our stress gene expression dataset in MCF7 to an independent gene expression dataset of histidine deprivation by histidinyl tRNA synthetase inhibitor histidinoh (HisOH) in HepG2 hepatoma cells (33) . We found that most of the genes induced by the combined hypoxia and lactic acidosis were also induced by amino acid depletion in the HepG2 cells (Fig. 3E) . The Gene Set Enrichment Analysis (GSEA; ref. 24 ) also revealed a very strong enrichment of the stress genes in the AAR datasets (P < 0.0001, FDR ¼ 0.073; Fig. 3F ). These data indicated a high degree of similarity between hypoxia and lactic acidosis and AAR. In contrast, the genes repressed by combined hypoxia and lactic acidosis were not enriched in the amino acid depletion dataset either visually in the heat map or by statistical analysis using GSEA (P ¼ 0.84, FDR ¼ 0.712; Supplementary Fig. S2A ). All of our evidence suggests that the combined lactic acidosis and hypoxia condition in the tumor microenvironment, while repressing many canonical hypoxia responses, elicited a strong UPR response and inflammation response that exhibited significant similarity to the ATF4-driven AAR response.
The amplification of the ATF4 locus in breast tumors and cell lines
Previously, we dissected the lactic acidosis and hypoxia gene signatures into distinct subsignatures in a breast tumor dataset (14) . Some of the subsignatures were also highly enriched in particular chromosomal locations, and the expression patterns of those subsignatures were highly correlated with DNA copy number alterations (CNA) and gene dosage. One such subsignature showed strong chromosomal enrichment in the ATF4 locus at 22q13 in both tumors and breast cancer cell lines. Examining the expression of ATF4 alone, we find that there is strong evidence of correlation between ATF4 gene expression and CNA in the 22q13 chromosomal region in both tumors (Fig. 4A ) and cancer cell lines (Fig. 4B ). There was a strong positive correlation between the array CGH (DNA dosage) and corresponding gene expression of ATF4 (RNA expression) in both breast tumors ( Fig. 4C ) and cancer cell lines (Fig. 4D) . When gene expression from 50 breast cancer cell lines was arranged by hierarchical clustering, ATF4 expression was coclustered with 98 other probesets in 4 breast cancer cell lines (Fig. 4E ). When these ATF4-coclustered genes ( Supplementary  Table S3 ) were analyzed by Gather, there is a significant enrichment at chromosome 22q13, where ATF4 locus resides ( Supplementary Table S4 ). These genes are also enriched in gene ontology of amino acid metabolisms known to be ATF4 target genes ( Supplementary Table S5 ). Experimentally, we verified ATF4 gene dosage in several cell lines noted to have higher expression of ATF4 and genes in the adjacent chromosomal regions. We found that there are higher levels of ATF4 gene dosage in SUM52PE, SUM190 and SUM225 cells in agreement with the statistical analysis data, while there is no increase of VEGF DNA dosage (Fig. 4F) . Consistent with the level of ATF4 gene dosage in cells, ATF4 mRNA and protein increases significantly ( Fig. 4G and 4H) . VEGF, as an ATF4 transcriptional target, also has higher expression level in those cells (Fig. 4G ).
ATF4 modulates cellular survival under hypoxia and lactic acidosis
Due to fluctuations in the hemodynamics of distant blood vessels, both hypoxia and lactic acidosis exhibit significant intermittent nature (34) . We assessed cell growth and death in hypoxia and the combined hypoxia and lactic acidosis stresses. While cell growth was inhibited under these stresses, there was no apparent cell death in MCF7, HT1080, and SUM52PE ( Fig. 5A, and Supplementary Fig. S4A ). However, when the cells were recovered from the stress and maintained in normoxia for 3 days, we noted significant cell death in cells treated with combined hypoxia and lactic acidosis (Fig. 5A) . The colony formation assay further showed that lactic acidosis synergizes with hypoxia to induce severe cell death, while transient exposure of hypoxia alone has no noticeable effect on survival (Fig. 5B) .
Given the significant induction of UPR and inflammation response under hypoxia and lactic acidosis, cell death under combined stresses is probably modulated by these 2 biological processes. In addition, the expression level of ATF4 varies significantly among different breast tumors, partially due to DNA amplification. Therefore, we evaluated the role of varying levels of ATF4 in the ability of cancer cells to sustain the presence of stresses. We manipulated ATF4 gene expression in cells by both siRNA-mediated gene silencing and overexpression of ATF4 expression constructs. We observed that knockdown of ATF4 significantly sensitized cells to cell death when the cells recovered from the combined hypoxia and lactic acidosis stress (Fig. 5C ). Consistent with this observation, the overexpression of ATF4 significantly protected cells from death under the same conditions (Fig. 5D) . Similarly, ATF4 exhibited protection effects in HT1080 stable shATF4 cells ( Fig.  5E ) and SUM52PE siATF4 cells ( Supplementary Fig. S4A ) when cells recovered from the combined hypoxia and lactic acidosis stress. Manipulation of ATF4 expression levels had less protective effects on hypoxia post-treated cells, but this is likely because short-term hypoxia led to less cell apoptosis ( Fig. 5C and E and Supplementary Fig. S4A ) than the combined conditions. These results suggested that ATF4 is crucial for cell survival during the poststress recovery phase of the combined hypoxia and lactate acidosis. Therefore, the gain of ATF4 gene dosage due to DNA amplification in some tumors and cell lines might be an adaptive event in fluctuating hypoxia and lactic acidosis in the tumor microenvironment.
It has been reported that ATF4 knockout MEFs and shATF4 established HT1080 cells require the presence of NEAAs and antioxidant such as b-mercaptoethanol (b-ME) to survive (22, 32) . However, we observed that cell death is visible in shATF4 established MCF7 and SUM52 breast cancer cells even in the presence of NEAAs and b-mercaptoethanol, and this affect is different than that seen in HT1080 shATF4 and ATF4 À/À MEF cells ( Fig. 5F and Supplementary Fig. S4C ). Due to selective pressures, shATF4 established cells in late passages gradually lost the inhibitory effect of shATF4 on ATF4 gene expression because the mRNA level of ATF4 returned back to near normal levels. Cell death was induced by knockdown ATF4 in the early passages and became barely visible in the late passages ( Fig. 5F and Supplementary Fig. S4C ).
Taken together, our data suggest that the induction of ATF4driven gene expression program is essential for cell survival during recovery from combined hypoxia and lactic acidosis. The CNAs in the ATF4 locus in a subset of tumors and cell lines may promote cancer cell survival and a growth advantage in 
Discussion
In this study, we have found that lactic acidosis significantly modulates the canonical hypoxia response mediated by HIF-1a inhibition to the UPR/AAR gene expression program mediated by eIF2a-ATF4. Such a transition is essential for cellular survival during recovery from the combined stresses of hypoxia and lactic acidosis. Here, we show that lactic acidosis negatively regulates the hypoxia pathway by inhibiting HIF-1a synthesis. Previous studies have found that hypoxia alone can induce translation inhibition either by inhibiting mTOR and S6K1 kinase activity and subsequently inducing phosphorylation of EIF4BP, or by inducing the phosphorylation of eIF2a (35) . However, a careful examination of polysome profiles (36) under hypoxia show that there is no reduced ribosome occupancy and translation efficiency of HIF-1a mRNA. This is consistent with induced HIF-1a protein accumulation under hypoxia. Extreme acidity (pH ¼ 5.5) can lead to eIF2a phosphorylation and translation inhibition in astrocytes (37) . eIF2a phosphorylation has also been shown to regulate the protein levels of HIF-1a (38) . But the effects of either of these stresses had modest effects on the translation efficiency of HIF-1a. In contrast, the simultaneous presence of both hypoxia and lactic acidosis dramatically induced S6K1 dephosphorylation and eIF2a phosphorylation, which may account for the inhibition Figure 5 . Varying levels of ATF4 impact the survival of breast cancer cells under hypoxia and lactic acidosis. A, the amount of cell death in MCF7 after 3 days treatment with either hypoxia or combined hypoxia and lactic acidosis condition (empty), and 3 days recovery from stresses by replating regular culture medium and maintaining in normoxia condition (hatched). The cell death was assessed by the PI stained sub-G1 population using fluorescenceactivated cell sorting (FACS). B, clonogenic survival of MCF7 treated with indicated stress for 2 days then replated with regular medium every 4 days for 12 days. Cell colonies were stained with crystal violet. C, MCF7 transfected with 50 nmol/L either control siRNA or siATF4 were treated with hypoxia or combined hypoxia and lactic acidosis. The levels of cell death were determined at 3 days stress treatment and 2 or 3 days poststresses. Cell death was measured by the PI stained sub-G 1 population (n ¼ 4). D, the levels of cell death of MCF7 cells which have been transfected with either control vector or ATF4 expression constructs were treated, collected and assessed as (C; n ¼ 3). E, cell death was measure in HT1080 shNT/shATF4 cells treated as (C; n ¼ 3). F, the mRNA levels of VEGFA, ASNS, and HIG2 in the early passage of MCF7 cells stably infected with empty vector pSM2 and shATF4. G, the mRNA level of ATF4 gene and cell death were measured at early and late passage of MCF7 cells stably infected with empty vector pSM2 and shATF4 (n ¼ 3). Error bars are mean AE SD, significant P values are indicated as ( Ã , P < 0.01; ÃÃ , P < 0.05; ÃÃÃ , P < 0.01; #, P < 0.001; ##, P < 0.01).
of HIF-1a protein during stress. Interestingly, glucose deprivation was shown to inhibit the translation of HIF-1a under hypoxia (39) . Given the high similarity of the gene expression response between lactic acidosis and glucose deprivation (13), it is likely that both lactic acidosis and glucose deprivation share similar mechanisms on the translation inhibition of HIF-1a.
Our results have shown that activation of ATF4 and UPR occur in 1% pO 2 with the presence of lactic acidosis. A previous study showed that ATF4 is only activated in MCF-7 until anoxia with extreme low O 2 (< 0.01%; ref. 40) thought to rarely occur in human tumors. Because solid tumors are frequently associated with regions of poor perfusion, tumor cells are often exposed to both lactic acidosis and hypoxia spatially. Our findings indicate that ATF4 activation and UPR gene induction may be more prevalent in tumors than previously thought. Indeed, recent reports point to UPR genes (e.g., ATF3, Ero1L, etc.) being induced in solid tumors (41) . In addition, these observations suggest a hierarchy among stress responses to cope with different levels of metabolic stresses. During moderate hypoxia, hypoxia gene expression prevails to deal with the metabolic stress, whereas in response to combined hypoxia and lactic acidosis or extreme anoxia (<0.01% pO 2 ), the hypoxia response becomes inadequate and inhibited to switch to UPR and ATF4-driven responses. One possible reason for the extreme metabolic stresses under hypoxia and lactic acidosis may be due to the inhibition of hypoxia-driven glycolysis by coexisting lactic acidosis to create a significant ATP reduction (noted in ref. 12) . During the transition from HIF-1a to ATF4, the significant overlap between their target genes (e.g., VEGF) may offer a mechanism for orderly maintenance of certain conserved responses while switching among stress-specific responses to cope with the distinct challenges of different degrees of metabolic stresses.
Many histopathology studies have shown areas of necrosis surrounded by regions with expression of HIF target genes. Because these regions are also expected to be exposed to lactic acidosis, how do we reconcile these observations with our findings? It is important to point out that while lactic acidosis attenuates the hypoxia response, it usually does not completely shut off hypoxia response when compared with nonhypoxic area. Furthermore, in the regions of necrosis, there may be many additional metabolic stresses, such as deprivation of glucose and other nutrients, in addition to hypoxia and lactic acidosis. The simultaneous presence of these multiple stresses may contribute to necrosis in the solid tumors not entirely observed under combined hypoxia and lactic acidosis used in this study.
Although our current studies reveal the ability of lactic acidosis to inhibit hypoxia responses during short-term exposure, these results may also provide a mechanism for long-term selection. One important aspect of tumor progression is genomic instability and high frequency of somatic mutations (42) . Long-term exposure to these stresses may select for tumors with certain mutations which modulate the hypoxia pathway and become resistant to the inhibitory effects of lactic acidosis. Activation of the HER2, PI3K, and EGFR pathways or inacti-vation of pVHL-dependent degradation pathways caused by various somatic mutations and CNAs, may trigger and further enhance the hypoxia pathway by a mechanism that is resistant to inhibition by lactic acidosis. These pathways are often associated with the hypoxia pathway in human cancers (15) . In addition, such stresses select for tumors bearing certain mutations which confer survival advantages. Over time, tumor cells with gain-of-function mutations will clonally expand and become the dominant components of tumors, a process sometimes termed somatic evolution (9, (43) (44) (45) . For example, hypoxia enriches for tumor cells that lack p53 (46) and glucose deprivation selects for tumor cells that bear K-ras mutations (47) . Similarly, CNAs of the ATF4 locus in a subset of breast cancer cells lead to high expression levels of ATF4 and ATF4driven VEGF and provide a survival advantage under hypoxia and lactic acidosis. Although observed in a small subset of breast tumor and cell lines, the gain at the ATF4 locus is likely to be relevant for survival under different stresses and may be targeted therapeutically using agents targeting UPR. In addition, our results also suggest a mechanism that bridges the gap between the short-term transcriptional responses and longterm adaptive somatic mutations resulting in CNAs of human tumors and cell lines. A similar approach may be helpful to identify additional CNAs which offer survival advantages under distinct sets of microenvironmental stresses.
These findings advance our understanding of the link between survival mechanisms under stresses and "hard-wired" CNAs to circumvent the barriers of stresses presented by hypoxia and lactic acidosis. ATF4 overexpression alone has been shown to be sufficient to trigger a partial transcription program and antistress response (48) . Therefore, the hardwired CNAs of ATF4 may lead to a constitutive and/or high induction levels of ATF4 protein to provide survival advantages under various stresses and may lead to drug resistance and treatment failure (49) . The tumors harboring ATF4 CNAs may be especially addicted to high levels of ATF4 and may be more likely to respond to the agents that specifically target ATF4 and/or the UPR pathway.
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